White blood cell (WBC) count is a common clinical measure used as a predictor of certain aspects of human health, including immunity and infection status. WBC count is also a complex trait that varies among individuals and ancestry groups. Differences in linkage disequilibrium structure and heterogeneity in allelic effects are expected to play a role in the associations observed between populations. Prior genome-wide association study (GWAS) meta-analyses have identified genomic loci associated with WBC and its subtypes, but much of the heritability of these phenotypes remains unexplained. Using GWAS summary statistics for over 50 000 individuals from three diverse populations (Japanese, African-American and European ancestry), a Bayesian model methodology was employed to account for heterogeneity between ancestry groups. This approach was used to perform a trans-ethnic meta-analysis of total WBC, neutrophil and monocyte counts. Ten previously known associations were replicated and six new loci were identified, including several regions harboring genes related to inflammation and immune cell function. Ninety-five percent credible interval regions were calculated to narrow the association signals and fine-map the putatively causal variants within loci. Finally, a conditional analysis was performed on the most significant SNPs identified by the trans-ethnic meta-analysis (MA), and nine secondary signals within loci previously associated with WBC or its subtypes were identified. This work illustrates the potential of trans-ethnic analysis and ascribes a critical role to multi-ethnic cohorts and consortia in exploring complex phenotypes with respect to variants that lie outside the European-biased GWAS pool.
INTRODUCTION
White blood cells (WBCs) are critically involved in the body's immune system, serving as a primary defense mechanism against foreign pathogens. WBC count is used as a clinical marker of inflammation status, and higher WBC count has been associated with a risk of cardiovascular disease, cancer mortality and all-cause mortality (1 -3). Elevated WBC count is also associated with disease risk factors including increasing age, high blood pressure, cigarette smoking, adiposity and increasing plasma inflammatory markers (4) .
WBCs are classified into five subtypes according to their morphology and functions, including neutrophils, basophils, eosinophils, lymphocytes and monocytes. Total WBC count is highly variable even among healthy individuals of the same population (5) . WBC count is a moderately heritable phenotype, with h 2 estimates ranging from 0.14 to 0.40 across the WBC subtypes (6) . Additionally, between 25 and 50% of individuals of African descent exhibit benign ethnic neutropenia, characterized by low neutrophil counts, due to a regulatory variant in the Duffy antigen receptor for chemokines (DARC) gene (5, 7, 8) . Given the importance of WBC in both host defense and, potentially, pathologic inflammation, elucidation of additional genetic mechanisms responsible for regulating while blood cell count could have a substantial medical impact.
Admixture mapping and genome-wide association studies (GWAS) performed on cohorts of differing continental ancestry, including European, Japanese and African-American, have been successful in identifying multiple loci associated with WBC phenotypes (5,8 -14) . The joint effects of these loci generally explain only a small portion of the overall heritability of either total WBC or WBC subtypes. Some prior GWAS have not defined the subtypes of WBC that are driving their observed associations; however, neutrophils in particular are often implicated (9, 11) . Furthermore, the loci identified by GWAS generally encompass large genomic regions, often containing many genes and variants with comparable association signals. Thus, fine-mapping methods aimed at pinpointing association signals more precisely are needed (15) .
Recently, the 1000 Genomes Project and phase three of the HapMap project released comprehensive reference panels for a number of ethnic groups, including African, Asian and additional European populations (16, 17) . Imputation using these higher density reference panels allows inference of genotypes not captured by genotyping arrays, markedly increasing the breadth of genetic variation that can be included in association tests. This has provided new opportunities both to detect novel loci and to refine the localization of association signals for a number of phenotypes, including WBC phenotypes.
Trans-ethnic meta-analysis (MA) potentially offers a more comprehensive view of the genetic variation that is associated with a trait, but traditional fixed-effects MA methods do not adequately address heterogeneity in allelic effects, allele frequencies or differences in linkage disequilibrium between ethnicities (18) . For example, in a previous fixed-effects analysis of the cohorts included in the current study, only 152 of 161 single nucleotide polymorphisms (SNPs) that had been associated with WBC phenotypes in earlier analyses were replicated at a Bonferroni-corrected significance threshold of P , 3.57E23, and no novel associations were observed (9) . Whereas randomeffects-based methods of MA do account for inter-study heterogeneity, they lose statistical power in the setting of high levels of heterogeneity that may result from experimental or statistical differences in study design (15, 19) .
These shortcomings have been addressed in the software package, MANTRA (Meta-Analysis of Trans-ethnic Association studies), which allows for heterogeneity between diverse ethnic groups and provides increased power and mapping resolution compared with random-effects-based methods (15) . In the current study, we used MANTRA to combine summary results of ancestryspecific GWAS of WBC traits in three distinct populations. We identify novel loci associated with WBC count, assess heterogeneity in allelic effects between ancestry groups and improve finemapping resolution of some previously identified regions.
RESULTS
Descriptive statistics for each cohort are found in Table 1 . In the trans-ethnic MANTRA analyses, we observed strong evidence of association, defined by a log 10 Bayes factor (BF) of .6, at 10 previously identified loci and six novel loci, and detected nine secondary signals within 500 kb of a previously identified locus. The population-specific and trans-ethnic results for the established and novel loci associated with each WBC phenotype (total WBC, neutrophil and monocyte count) are summarized in Table 2 . Cohort-level Manhattan plots are shown in Figure 1 . Of the 15 previously identified variants (at 10 loci), six of the six monocyte associations, two of the four neutrophil associations and two of the five WBC count associations were initially identified in the original GWAS papers from which the data employed by this analysis are drawn.
Regions previously identified by single-ethnicity GWAS reappeared in the MANTRA trans-ethnic analyses, but in some instances, the index SNP from the original publication was not the most significant. These include rs4065321 and rs17609240 on 17q21.1 (WBC count and neutrophil count), rs2517524 on 6p21.33 (WBC count) and rs10956483 on 8q24.21 (monocyte count). Additionally, rs2814778, a marker identifying the Duffy null blood group antigen and located on the DARC gene of chromosome 1 at position (b37) 159 174 683, was available only in the COGENT data. This marker accounts for 20% of population variance in the WBC of African ancestry populations and is monomorphic in non-African populations.
Novel associations
In addition to replicating known variants, the trans-ethnic analysis identified six novel trait -locus associations ( Table 2) . For neutrophil counts, novel findings include rs6936204 in region 6p21.32, located nearest to AK123889. This region is very near known locus 6p21.33, which was previously associated with WBC and lymphocyte counts (9) . These loci are near the HLA region; thus, it is possible that population stratification is driving this association (20) . These variants are not in linkage disequilibrium (LD) with any of the known HLA markers, but as meiotic crossovers are known to cluster around HLA, it is possible that these variants are separated from this region by a recombination hotspot. Novel association for WBC count includes rs10932765 in region 2q35, located near ARPC2, which has previously been associated with monocyte count and inflammatory bowel disease (12, 21) . This region is notable because of its proximity to IL8RA, which encodes CXCR1. CXCR1, the receptor for the chemokine IL-8, is a mediator of inflammatory responses; interestingly, the Duffy antigen Counts are reported in thousands of cells per milliliter of blood (cells × 10 9 /l). SD, standard deviation; NA, not available. is also a receptor for IL-8. Additional novel associations for WBC include rs2163950 at 8q24.21, located in an intergenic region, and rs6734238 in region 2q13, located near IL1F10 and IL1RN. Top SNP rs6734238 tags the IL-1 gene family locus near 2q13 and has also been associated with C-reactive protein levels in a European ancestry population (22) . Notably, a large region of the implicated chromosome 6 associations for WBC, tagged by rs2853946, contains an apparently bimodal signal of association, between 310.00 and 313.00 Mb (Fig. 2) . A single novel association for monocyte count was identified by rs2047076 in region 5q13.3, also within an intergenic region of the genome. This region falls between F2R, associated with platelet count (23) , and F2RL1 which encodes PAR-2, a monocyte receptor (24) .
Variants showing strong evidence for association were examined for heterogeneity in their allelic effects across ancestries, indicated by a posterior probability of heterogeneity (PPH) of .0.5 (Table 3 ). For the novel monocyte-associated locus on chromosome 5, the RIKEN cohort has a large posterior mean allelic effect (PMAE), whereas the COGENT and CHARGE cohorts have PMAE that are much smaller. This suggests that the association may be specific to the Japanese population, or that the variant tagging this region, rs2047076, may not be a good proxy among European or African-American individuals because of differing LD structure between these populations. The associations reported on chromosome 4 for both WBC and neutrophils exhibit allelic effects in opposite directions between the ancestry groups, which could reflect multiple risk variants, or differing LD structure (1). The novel associations reported on chromosome 2 for WBC have a posterior probability of association (PPA) of 0.03, and the PMAE of these variants are similar across the three ancestries ( 0.01). PPA is estimated from the weighted average of the alternative models and accounts for the differences in likelihood and statistical power between tests (25) . Locus plots for novel associations are shown in Figures 2 -7, and locus plots for known associations are shown in Supplementary Material, Figures S1 -S11.
To determine how consistent the MANTRA results are across studies, a random-effects MA was also performed using METAL. The results are largely supportive of the known and novel loci reported here, with the exception of those variants with high levels of heterogeneity between populations, such as the novel variant associated with monocytes and located on chromosome 5, rs2047076. The results of this additional MA are found in Supplementary Material, Table S1 .
Cohort-level data were imputed before the trans-ethnic analysis was performed. In instances where a novel variant was both imputed across multiple cohorts and exhibits low allele frequencies within those cohorts, additional replication is needed to validate the associations made here. In particular, these include rs2047076, associated with monocytes, and rs2163950, associated with WBC count ( Table 2 ). Without replication, these novel results should be viewed cautiously. We are optimistic that in time, a similarly sized, ancestry-matched cohort will be available to replicate these analyses. In the meantime, we have provided genome-wide summary statistics for the primary MANTRA analyses of monocyte, neutrophil and WBC count traits in Supplementary Material, Table S2 .
Fine mapping
Credible sets were defined to assess the extent to which the transethnic analysis improved fine-mapping resolution of known associations. Credible region summary data for associated loci are presented in Supplementary Material, Table S3 . 
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The major locus affecting WBC levels in African-Americans is located in the DARC gene of chromosome 1, spanning 900 000 bp between 158 724 683 and 159 624 683 (3). The main variant associated with this signal is rs2814778, located at position (b37) 159 174 683. Our analyses replicated this finding, identifying a number of significant hits surrounding rs2814778 (chr1: 159 174 683). The surrounding variants are the product of a well-established selective sweep, and proximity to the Duffy null mutations predisposed them to association (26) . While rs2814778 was not included in all three cohorts due to the removal of monomorphic SNPs during quality control, credible region analyses of this region identify a single nearby variant, rs2518564 (chr1: 159 062 436), as encompassing 99% of the signal. As the functional variant in the DARC locus is present exclusively in the African-American population consortium, we did not expect the this region to show meaningful fine mapping. The use of a proxy variant in high LD with the other two cohorts provides additional evidence of what is already known, this region is highly associated with WBC.
Other previously identified associations with WBC subtypes, however, were substantially narrowed. For example, the 7q21.2 region tagged soley by rs445 in both WBC and neutrophil counts was found to encompass 99% of the association signal for these traits. This variant is located within an intronic section of CDK6, a gene in the cyclin-dependent protein kinase family. At another previously identified locus for WBC and neutrophil count, located on chromosome 17, the association signal could be limited with 99% confidence to seven variants across a 15 kb region associated with WBC count and two variants across a 10 kb region associated with neutrophil count. The previously identified variant tagging this region, rs4794822, is within both of these SNP sets, but individually reaches only 72% confidence in WBC count and 88% confidence in neutrophil count. 
Conditional analysis
Conditional analysis adjusting for the effect of the most significantly associated SNP at each locus was performed to assess the independence of possible novel variants and to detect the presence of any secondary association signals within known regions. Secondary signals were defined as additional associated variants within 500 kb of previously known loci. Of the primary (known and novel) loci, approximately half contained secondary signals; these include four signals associated with monocytes, three associated with neutrophils and six associated with WBC count. In some instances, the top signal identified by the secondary analysis was stronger than that observed in the primary analysis. This could occur, for example, when the allele frequencies of the initial, index SNP are similar across ancestries, but the conditional signal(s) more accurately tag a functional variant in the respective populations. In order to verify the authenticity of our conditional analysis results, we performed reverse conditioning on our secondary signals and found the signals reported here to remain significant, suggesting an independent effect on WBC subtypes. The top association signals from these conditional analyses are found in Table 4 .
Expression quantitative trait loci analysis
All known, conditional and novel loci were assessed as potential expression quantitative trait loci (eQTLs) in leukocyte-derived tissues in order to identify any correlations between association signals and gene expression, as such correlations may account for functional relationships that are not captured by LD. Two known loci associated with monocyte count, and one novel locus newly associated with both WBC and neutrophil count, represented significant (P , 5E205) eQTLs when assessing either the European ancestry sentinel SNPs or their proxies in the YRI (African) and ASN (Asian) populations (1). Three of the four index SNPs at these loci are located within chromosome 6p21.3; each has been associated with a different blood cell trait. The monocyte eQTLs on chromosome six are defined by the transcription factor gene TCF19; the neutrophil eQTLs relate primarily to the HLA transcripts, but depending on the tissue type are also associated with expression of ATP6V1G2, which encodes an enzyme involved in eukaryotic cell compartment acidification. The WBC count eQTLs also relate to various transcripts of this region. Additionally, a previously described locus associated with monocyte count on chromosome 2 is an eQTL for the ITGA4 transcript at 2q31.3, which encodes the integrin alpha-4 subunit of the very late antigen-4 receptor on monocytes and other mononuclear cells (27, 28) . In instances where a proxy eQTL SNP has been used to represent a WBC or subtype-associated SNP, variants with greater concordance to the index SNP are viewed with more confidence than those with lower R 2 values. Only two eQTL SNPs were found to be concordant or in very high LD: rs3130320 (R 2 ¼ 1) for neutrophils and rs6740847 (R 2 ¼ 0.983) for monocytes. We have reported other SNPs as potential eQTLs if their R 2 value with the proxy eQTL SNP is .0.5; these SNPs are of course likely to be near the blood cell SNPs' physical location. All the proxy eQTL variants identified here are located in Supplementary Material, Table S4 . Variants encompassing the 95% credible region of an associated region, as identified using the top hits from the MANTRA analysis, are presented for each subtype. Ancestry-specific posterior mean allelic effects (PMAE) are reported. PSD is the Bayesian equivalent of standard error and characterizes the variance of the effect. PMAE is the posterior mean allelic effect; when these values are similar between ancestry cohorts, it suggests that simiar variants are responsible for the effect. When values are in opposite directions, it suggests multiple risk variants, or differing LD structure. PPH, a posterior probability of heterogeneity; PPA, posterior probability of association; the probability that an SNP is truly associated with a phenotype. * Proxy for rs2814778.
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DISCUSSION
We applied trans-ethnic MA to summary data from Japanese, African-American and European-Americans populations and identified six new regions that contain biologically plausible genetic loci associated with WBC traits. Many of the novel and secondary association signals we observed involve genomic regions that contain several inflammatory and immune cellrelated genes. Particularly interesting, novel regions include the two loci on chromosome 2 associated with WBC count. The first, identified by rs6734238, falls within an inflammatory gene region of the interleukin-1 cytokine gene family (29) . This region has been associated with several inflammation-related biomarkers, including C-reactive protein and fibrinogen. rs6734238 is located downstream of IL1F10 and upstream of IL1RN. IL1RN encodes IL-1 receptor antagonist (IL-1RA), which regulates a variety of interleukin-1-related immune and inflammatory responses, including inhibition of interleukin 1, alpha (IL1A) and interleukin 1, beta (IL1B). IL1F10 encodes IL-38, which regulates Th17 immune responses and stimulates IL-6 cytokine production from dendritic cells in vitro (30) . The second chromosome 2 region, identified by rs10932765, is near APRC2 and CXCR1 (also known as IL8RA). CXCR1 is of particular interest as this is a chemokine receptor involved in leukocyte chemotaxis and trafficking (31) .
The novel chromosome 5q13 region associated with monocyte count lies within a family of protease-activated receptor genes, F2RL2-F2RL1-F2R. The F2RL1 gene (proteaseactivated receptor-2 or PAR-2) has previously been related to some inflammatory and autoimmune diseases, and is a known receptor on monocytes (32) . PAR-2 is a G protein-coupled receptor on monocyte/macrophages and other cell types that appear to have a direct role in the regulation of innate immune function. Specifically, PAR-2 can be activated by a number of endogenous inflammation-associated proteinases (e.g. mast cell tryptase, trypsin and neutrophil proteinase 3) or exogenous pathogen-derived proteinases (33) . Notably, another member of the PAR gene family located on 5q13, F2R, encodes PAR-1, the platelet thrombin receptor. Common variants of F2R were recently associated with circulating platelet count in a European GWAS (23) . A single region of chromosome 6, associated with neutrophil and WBC count, is located near the HBS1L and MYB genes, which are known to be associated with fetal hemoglobin levels and monocyte counts. This locus has also been reported to be associated with red cell and platelet traits, but not previously with white cell traits. Although there is a single signal for neutrophils at this locus, the signal for WBC count appears bimodal. One of these two regions is captured by a single SNP with 99% confidence, while the second requires a regional span of nearly 1 Mb to reach the same level of confidence. This locus was also significant in our eQTL analysis across all ancestry types for both neutrophil and WBC count, in lymphoblastoid cell lines (LCLs) and whole blood.
The region of chromosome 8 newly associated with WBC count lies near a gene of unknown function, GSDMC, which encodes gasdermin C. Other genes belonging to the gasdermin family have been associated with immune-mediated phenotypes such as asthma and alopecia (34, 35) , suggesting a role for this gene family in inflammatory disorders (36) .
A signal was observed on chromosome 16 for WBC count and neutrophils; however, the top associated variant is located within the intronic region of HYDIN, an mRNA transcript sequence involved in cilia motility. As previously reported, it is a likely homolog to the DARC region of chromosome 1 and represents a spurious signal (12) .
The replicated region on chromosome 4, associated with both WBC and neutrophil counts, is located near a chemokine family gene cluster, CXCL5-CXCL3-CXCL2. CXCL2 interacts with another chemokine receptor, CXCR2, to control migration of leukocytes from the bone marrow (37) . Taken together with the DARC locus, these findings extend the importance of common genetic variants of chemokine ligands and receptors in the regulation of WBC counts.
Using the proper reference panel is critical to the dependability and accuracy of this analysis. For this reason, ancestry-matched subsets of the 1000 Genomes were used as the reference panel from which LD was calculated, which are presumed to be drawn from the same general populations as those used here. However, the relatively small sample sizes available through 1000 Genomes increase the possibility of error in LD estimations (38) . While the localization and resolution of functional variants may improve with the additional genomic variation measured in newer reference panels, we show that even without these newer panels, the associations identified using MANTRA provide plausible candidates for functionality.
In conclusion, trans-ethnic meta-analyses allow for an examination of disease traits within a large population of individuals and provide the opportunity to localize previously known regions and detect novel ones, while considering the heterogeneity of allelic effects that may exist between contentially distinct populations. Additionally, our results illustrate the utility of trans-ethnic fine mapping for narrowing regions of association. Well-established loci replicated in the present study show credible intervals that flank the known index variant. For example, the previously known monocyte associations on chromosomes 8 and 9, shown in Supplementary Material, Table S3 , have 99% credible intervals of only a few thousand base-pairs, located in close proximity to the originally identified variants. Our analysis of the DARC region is complicated by the causal SNP being monomorphic in two of the three populations employed. When the credible interval analysis is applied to this region, the proxy variant (rs2518564) tagging the known functional variant (rs2814778) (5, 8) is identified as accounting for the entire signal. However, prior association studies and evidence of biological function allow confident identification of rs2814778 as the functional variant. By calculating credible intervals across test statistics from analyses of combined ancestries, we were able to narrow expansive loci to smaller regions. Further work is necessary to identify what functional variants may lie within these regions.
The increasing availability of GWAS summary data for many phenotypic traits of interest, from many ethnically diverse populations, suggests that the trans-ethnic GWAS MA approach can yield additional association signals, thereby explaining some of the missing heritability and genetic architecture for other complex traits. In addition, this work is relevant for future targeted sequencing follow-up studies, as we have narrowed the scope of follow-up sequencing efforts for functional variants. By increasing the mapping resolution of the causal variants within these loci, we hope that these results guide nextgeneration targeted deep sequencing studies, which may disentangle the heterogeneity of effect across ethnicities (39) . Future work will discern which functional variants are the same across ethnicities and which tag nearby regions, through LD, that harbor the true functional variant or variants.
MATERIALS AND METHODS
The trans-ethnic GWA strategy was applied to three consortia containing WBC phenotypes. These include a Japanese population represented by RIKEN (Rikagaku Kenkyusho, Institute of 
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Human Molecular Genetics, 2014, Vol. 23, No. 25 Physical and Chemical Research, Japan), a European ancestry population represented by the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium and an African-American population represented by the Continental Origins and Genetic Epidemiology Network (COGENT) Consortium (9, 11, 12) . All three consortia contain measurements for total WBC count, neutrophil count and monocyte count, using the same scale of transformation and similar analytic paradigms. Clinical information of the subjects includes age, gender and smoking history, and was collected by self-report. Subject BMI was also collected as a measure. The laboratory data include total WBC count and subtypes, as determined using automated hematology cell counters according to the standardized protocol. The WBC phenotypes were natural logtransformed prior to analysis to provide a normal distribution. Samples .2 SD outside of the ethnicity specific mean for the given phenotype were excluded. This was done to ensure normality of the included samples, and to exclude any subclinical inflammation such as the common cold. If a sample was identified as an outlier for one or more subtype, it was excluded entirely from the study. The RIKEN study comprises over 17 000 individuals from The BioBank Japan Project, which is made of up over 300 000 subjects (http://biobankjp.org) (11) . Samples determined to be of non-Japanese origin by either self-report or by principal components analyses (PCAs) in GWAS were excluded from further analyses. For the GWAS, 592 232 SNPs were genotyped using Illumina HumanHap610-Quad Genotyping BeadChip. Subjects with call rates ,0.98 were removed, as were SNPs with call rates ,0.99. First-and second-degree relatives were excluded based on identity-by-descent analyses, as were SNPs with minor allele frequency (MAF) ,0.01 or with Hardy -Weinberg equilibrium (HWE) P-values ,1.00E27. After quality control, genotypes were imputed using MACH 1.0 in a two-step procedure, described in detail elsewhere (40, 41) . HapMap Phase II Japanese individuals from Tokyo (JPT) and Han Chinese individiuals from Beijing (CHB) individuals were adopted as references. SNPs with imputation qualities ,0.30 were excluded prior to analyses, and genomic control was applied to the cohort-level data. All participants provided written informed consent as approved by the ethical committees of the Center for Genomic Medicine, RIKEN and the Institute of Medical Science, the University of Tokyo (11) .
The CHARGE consortium dataset is comprised of over 19 000 individuals from seven discovery cohorts, including: the Rotterdam Study (RS), Framingham Heart Study (FHS), the NHLBI's Atherosclerosis Risk in Communities (ARIC) Study, the Age, Gene/Environment Susceptibility-Reykjavik Study (AGES), Health Aging and Body Composition study (HABC), the Baltimore Longitudinal Study of Aging (BLSA) and the Invecchaire in Chianti Study (inChianti) (9) . Each of these studies, with the exception of the Framingham Heart Study, is comprised of unrelated individuals of confirmed European ancestry, based on PCAs. Prior to MA, SNPs with MAF ,0.01, missingness .5% or HWE ,1.00E27 were excluded. Individuals with call rates ,95% were also excluded. After quality control, genotypes were imputed using the CEU reference panel of the HapMap Phase II haplotype data. The CHARGE consortium is comprised of MA data resulting from the summary statistics of these individual studies. Prior to the meta-analyses, study results were adjusted for genomic inflation factors, and SNPs with imputation quality,0.30 were excluded. Meta-analyses were performed using a fixed-effects model in METAL (42) .
The COGENT consortium is comprised of over 16 000 self- (12) . SNPs were excluded from cohort-level GWAS if MAF ,1% or missingness.5%. Monomorphic SNPs and ambiguously mapped SNPs were also removed. Individual samples exhibiting gender mismatch or genotype missingness .10% were excluded. After quality control, genotypes were imputed with HapMap Phase II, using a 1 : 1 mixture of the CEU and YRI reference populations. Prior to MA, SNPs with imputation quality ,0.30 were excluded. Study-specific GWA results were corrected for genomic inflation factors, and MA was performed using a fixed-effects model in METAL (42) .
Statistical analysis
Summary statistics for the RIKEN GWAS and the CHARGE and COGENT meta-analyses were collected and stratified by ethnicity and WBC subtype availability. Data were input into the trans-ethnic MA software package, MANTRA (15) , which makes use of a prior model of relatedness between studies corresponding to Fst, or mean effect allele frequency differences between populations. Relatedness is determined by differences in allele frequency between studies. MANTRA estimates the BF in favor of association for each SNP using a Markov chain Monte Carlo (MCMC) algorithm. Results are reported as log 10 (BF), and associations of 6 or greater have the highest posterior odds of being truly present (43, 44) . Posterior probability of heterogeneity is also reported to examine levels of variation in allelic effects across the populations used in the analysis. Combining results across studies using a Bayesian approach is advantageous, as the evidence produced by this study is directly comparable to future studies performed in the same way. Simulations of distinct ancestry populations show that when MANTRA is compared with random-effects and fixed-effects meta-analyses, MANTRA shows increased performance and produces the highest-powered results in the detection of novel associations (15,22,45 -47) .
Since the initial imputation of the datasets used here, a number of more comprehensive reference panels have been released including the latest HapMap release and the samples available 
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Human Molecular Genetics, 2014, Vol. 23, No. 25 through the 1000 Genomes Project. As these reference panels contain more individuals and greater genome coverage, more genotypes are predicted with greater confidence than when using prior HapMap releases. Imputing raw data to the latest release of 1000 Genomes would be ideal; however, due to the data-sharing requirements of the cohorts included in this analysis, only summary statistics were available for these datasets. However, MANTRA is still expected to outperform a traditional MA in this case, as MANTRA accounts for heterogeneity while making no assumptions about differences or similarities in allelic effect.
To quantify uncertainty surrounding the top hits from the trans-ethnic MANTRA analysis, we calculated 95 and 99% credible regions (48) . We estimated credible sets of SNPs by first defining a 1 Mb genomic region surrounding lead SNPs (+500 kb), then ranking the regional SNPs within this region according to their BF and then combining the cumulative posterior probabilities of these ranked SNPs until 95 and 99% confidence was reached.
In addition, the top hits from MANTRA were input into a conditional analysis in order to identify additional association signals at nearby susceptibility loci and to determine independence of these secondary signals from the index SNP association. As complex diseases are assumed to be influenced by two or more genes acting in concert, it is possible that prior GWAS aimed at identifying single loci have not detected secondary signals. Thus, when large sample sizes are available, conditional approaches can be useful in detecting secondary association signals with loci that initially appear to contribute a negligible risk to disease susceptibility. In addition, as evidence of association is predicated on a given conditioned SNP, it is possible that, in some instances, the secondary associations are stronger than what was observed in the primary single-ethnicity GWAS analysis. This is possible when the allele frequencies of a given SNP are similar across ancestries, as conditional hits may be closer to a functional variant than the original, single-population hit.
We used the software program Genome-wide Complex Trait Analysis (GCTA) v1.13 to perform conditional association analysis for each ancestry-specific set of summary results (49) . As individual genotype data were unavailable, this was performed separately for each cohort using summary statistics and incorporating LD information from ancestry-matched reference samples containing individual-level genotype data. When original genotype data are not available, it is essential that the reference samples be from the same population as the original data, so that the LD structure estimated from the reference population is not biased. It is also critical that the reference sample is not affected by cryptic relatedness or population stratification. This is particularly relevant to admixed populations, such as COGENT, which is comprised of African-American individuals. In order to avoid confounding the genetic relationship matrix (GRM) produced by GCTA, eigenvectors are included in the model as covariates, to capture and account for any variance that is present due to population structure (49) . In this analysis, we used ancestry-matched subsets from the 1000 Genomes Project to estimate LD structure within our samples (17). Using these samples as LD proxies, the GCTA association analyses were conditioned on the top hits from MANTRA, specific to each locus of interest. Independently associated SNPs were selected using a stepwise model selection procedure. Analyses were performed separately for each ancestry cohort.
The results from each cohort were then meta-analyzed across ethnicities.
In addition to the trans-ethnic association analysis, a secondary analysis exploring eQTLs was performed using SNAP (50) . SNAP is a web server that identifies and annotates nearby proxy SNPs in LD (according to HapMap) to those queried. Using ancestry-specific tissues, SNAP was identified alias SNPs for significant index SNPs, and proxy SNPs in high linkage disequilibrium (R 2 . 0.5). Sentinel, alias and proxy SNPs were queried within a collected database of expression SNP (eSNP) results, drawn from the following leukocyte-derived tissues: fresh lymphocytes (51), fresh leukocytes (52) (65), peripheral blood monocytes (27, 64, 66) , CD11+ dendritic cells before and after Mycobacterium tuberculosis infection (67) and micro-RNA QTLs queried for LCL (68) . The collected eSNP results met criteria for statistical thresholds of association with gene transcript levels, as described in the original cited papers. In cases where an SNP was associated with a transcript, we further examined the strongest eSNP for the transcript within that dataset and the LD between the strongest eSNP and blood count-selected eSNPs. This was done to assess the concordance of the blood count and expression signals. Funding for COGENT was obtained through the Broad Institute (N01-HC-65226) to create this genotype/phenotype database for wide dissemination to the biomedical research community. The Atherosclerosis Risk in Communities Study is carried out as a collaborative study supported by National Heart, Lung, and Blood Institute contracts (HHSN268201100005C, HHSN268 201100006C, HHSN268201100007C, HHSN268201100008C, work was provided by NIH R01 HL71862-06 and ARRA N000949304 (to A.P.R.). Some of the results of this paper were obtained by using the program package S.A.G.E., which is supported by a US Public Health Service Resource Grant (RR03655) from the National Center for Research Resources. The funders had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript. Funding for RIKEN and the BioBank Japan Project was supported by Ministry of Education, Culture, Sports, Science and Technology, Japan. The funders had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript.
